Practical solar cells require larger active areas than ones in the R&D stage in laboratories. However, the enlargement lowers conversion efficiency because of the following two reasons: (1) increase of resistive loss in the transparent conductive electrode caused by the longer distance for the photogenerated carriers to pass and (2) active area loss caused by shadows of collector electrodes laid on to reduce the previous resistive loss. In the present study, we have constructed an advisable modeling method to calculate output power of medium-sized solar cells and optimized geometry of the collector electrodes. Results of the modeling taught us a possible improvement of the output power by over 10%. These simulated results were reproduced by electrochemical experiments.
Introduction
Practical solar cells require large active areas than ones in the R&D stage. Scaleup of solar cells from laboratory samples to practical modules usually decreases conversion efficiency, as evidently displayed by Green et al. [1] because of two inevitable reasons: (1) increase of resistive loss in the transparent conductive electrode caused by the longer distance for the photogenerated carriers to pass and (2) active area loss caused by shadows of collector electrodes laid on to reduce the previous resistive loss.
Although some radial patterns of collector electrode have been proposed in place of conventional parallel type to reduce the shadowing loss [2] , the improvement has been reported to be as low as 2%, accompanied by the disadvantage of higher cost caused by the necessity to form a through-hole at the center of the radial pattern to realize back contact.
The adverse influence of collector electrodes on dyesensitized solar cells (DSSCs) is more remarkable than that on Si solar cells, because protection layers such as a glass flit passivation or a bismuth borosilicate-based thick film passivation [3, 4] over the silver wires is necessary to prevent the silver wires from corrosion by the electrolyte. Since the area shadowed by the protection layer as well as the collector electrode contributes to the loss of photovoltaic power, the active area further decreases in the case of DSSC compared with Si solar cells. This disadvantage of DSSCs, however, implies that the optimization of the geometry of the collector electrode should be more effective in the improvement of conversion efficiency than in Si solar cells.
Therefore, here, we developed the modeling of the geometry of the collector electrode to give the highest output power of medium-sized solar cells with a special attention to features of DSSCs.
In the present study, we have constructed an advisable modeling method for calculation of output power of medium-sized solar cells to optimize the geometry of the collector electrodes. We carried out electrochemical experiments to verify the effect of the optimized geometries. Figure 1 displays a cross-sectional structure of a typical DSSC. The front-side electrode of DSSCs is a glass sheet coated with a conductive oxide (TCO) layer transparent for the visible sunlight. Since the sheet resistance of TCO layer around 10-20 Ω/◻ is not low enough if the size of the cells increases from around 1 square centimeter to hundreds of square centimeter, additional collector electrodes are necessary to decrease a resistive loss of the output power. The collector electrodes used for DSSCs consisting of silver wires with their cross-sectional size of typically 1 mm in width and 10 micrometers in height and protection layers of typically tens of micro-meters in thickness and 3 mm in width, covering silver wires completely, are screen-printed on TCO layers on glass substrates [5] . Consequently, the shadowed area of the width of 3 mm became nonactive for photovoltaic power.
Simulations

Structure of Solar Cells.
Modeling Method.
We evaluated the performance of solar cells with various collector electrode geometries using a newly devised 2-dimensional model. Solar cells are approximated to consist of elements referred to as "nodes" and "links" that connect the neighboring nodes. There are two kinds of nodes: active nodes and collector nodes representing the active areas and the collector electrodes, respectively. The method to divide the whole cell into the elements is a great issue for compatibility of accuracy and reasonable computation time. Figure 2 shows two types of dividing methods. Equal division of a square arrangement illustrated in Figure 2 (a) is efficient for active nodes and is also suitable for collector nodes when the collector electrodes are parallel and/or perpendicular to the edges of a square or rectangular cell. However, in order to represent collector electrodes in a slant direction accurately, an extremely large number of nodes are needed, resulting in an unrealistic long computation time. To avoid this, each element of equally divided cells was dealt with as an active node and connected by links, and collector nodes were set on the location of the collector electrodes. The effect of shadows of the electrodes International Journal of Photoenergy Let (gen) be the current photogenerated at the th node.
An active node is approximated to work at the maximal power point (MPP) of the solar cell operation to generate electricity, because the working point is only slightly different from the MPP in reality depending on the location in an efficient cell. Therefore, (gen) is equal to the product of the current density at MPP, max , and the area of the element represented by the th node. The locally generated power at the th node equals max (the voltage at MPP) times (gen) .
The assumption that all the active nodes work at the MPP allows us to deal with them as independently working ones. Therefore, as shown in Figure 3 , the trajectory to reach the output terminal is sought using a random-walk method [6, 7] that has been originally developed for a single power source system. The probability that (gen) flows to one of the neighboring nodes is inversely proportional to the resistance of the link connecting the two nodes. The probability for the next step is similarly evaluated. Thus, the contribution of (gen) to the current passing through the th link,
, is expressed as follows:
where
, is the number that (gen) flows through the th link in one direction before reaching the output terminal, and
, is the number in the opposite direction, among the times trial of the random walk ( = 10000). The total current in the th link, (link) , equals the summation of
over all the active nodes:
The output power of the cell, , is lower than the summation of the generated power of all the nodes by the resistive loss. Thus, the expression of is derived as follows:
The value of the resistance of the th link, , connecting two neighboring active nodes is determined from the series resistance of a cell that is dominated by the resistance of the TCO used in the cell, considering the fact that the values are inversely proportional to the length of the links to which the nodes on both ends correspond.
The between two collector nodes is exactly the resistance of the collector electrodes proportional to the length of the link, that is, center-to-center distance between the corresponding two nodes. When a link connects an active node and a collector node, is dominated by the resistance of TCO at the active node, which is larger than the resistance of the collector electrode by three-order of magnitude.
We used the max , max , and series resistance of a cell derived from previously reported results for a DSSC of 5 mm × 5 mm in size (see [8, 9] ). To determine the value of , we measured the resistance of screen-printed silver wires on the TCO layer used in the present experiments to be 0.23 Ω at 10 m in thickness, 1 mm in width, and 10 cm in length. It should be noted that this measured value of includes conductance of TCO as well as silver paste itself.
The first term in (3) is proportional to (gen) , whereas the second term is proportional to the square of (gen) .
Therefore, exhibits a maximum somewhere with increasing the incident irradiation intensity. This does not take place in the region of the present concern, because the dependence of max on the incident irradiation is minor, and is constant. We verified the validity of (3). In the case where light irradiate solar cells uniformly, the current (link) is proportional to generation current (gen) . Suppose the current used in the resistive loss estimation in the second term is the total current, and the resistivity is also supposed to be its maximum value, (3) can be rewritten as follows:
We estimated current, resistance, and voltage in reasonable condition. In usual conditions under the 1 sun (100 mW/cm 2 ) insolation, DSSCs generally yield around 20 mA/cm 2 or lower. This means that total is around or lower than 2 A in the present cell of around 10 cm × 10 cm in size. For resistance, in the present concern, it is hard to consider that max exceeds 50 Ω since sheet resistance of TCO is about 10 Ω/◻.
As for voltage, we have also confirmed that the voltage drops in the links between the collector nodes are negligibly small, experimentally. The estimated voltage drop was at most 10 mV, that is, around 2% of max under the present conditions. Therefore, the approximation that all the nodes generate electricity equal to max × (gen) can be used.
The present method to calculate is based on the approximation of photogenerated current uniformly distributed like the method of Burgers [10] . Therefore, the resultant value by solving an equation representing an electric circuit would be accurate. Although more efficient methods to solve the equation have been developed by Bissels et al. [11] and Zhang et al. [12] , they can be used only for simple geometries to find stable solutions.
In contrast, the present method can be applied to complicated geometries like being examined here with sufficiently high accuracy. The computational complexity of the present method, however, is not suitable for calculation on extreme conditions such as solar cells of very low photovoltaic performance or high resistance as written later.
Geometry of Collector Electrodes.
At the start of the series of simulations, we calculated output power of a 2-dimensional "Standard geometry" of the collector electrode generally used for DSSCs as shown in Figure 4(a) . The number of the vertical collector electrodes has been optimized to be 11 to yield the maximum power in the simulation as shown in Figure 4(b) . We rated the performance of new geometries of the collector electrode by comparing the output powers with that of Standard geometry. We tried varieties of geometries of the collector electrodes, but almost all the new geometries showed poorer performance compared with Standard geometry. Figure 5 shows some examples of the poorer performance geometries for reference.
As an exception, the geometry in Figure 6 (a) gave almost a similar performance to the Standard geometry. However, it is apparently much more difficult for actual fabrication because of its complicated pattern. As for another exception, the geometry in Figure 6 (b) gave a 10% better performance. However, it is based on the connection of a terminal electrode at the center of the pattern which is not feasible in reality. This geometry is practically possible, for example, by using a via hole for the output terminals [13] but would increase production cost. Figure 7 shows the current distribution of the geometry of electrodes: a group of parallel straight electrodes connected with each other at the one side. The current in the collector electrodes located close to the output terminal electrodes on the top edge is remarkably large, resulting in serious resistive loss. To avoid this current concentration, we devised several geometries using slanting collector electrodes. Geometry 2 illustrated in Figure 8 points are chosen to locate at 2.5 cm from upper side of cell to give the best performance.
Simulated Results. Figures 9(a)-9(c)
show calculated output power of the three types of geometries as a function of the number of the vertical collector electrodes in the direction perpendicular to the top edge. Significant improvement up to 1.2 times has been predicted by choosing an appropriate number of vertical collector electrodes for each geometry.
Experiments
Geometries of Collector Electrodes Used for Experimental
Verification. From the experiences mentioned previously in chapters 2.3 and 2.4, we have learned the possibilities that the radial (c.f. Figure 6(b) ) and slanting collector (c.f. Figure 9 ) electrodes can avoid current concentration on the collector electrodes close to the connecting terminals. Based on this, three types of geometries were devised as shown in Figures 10(b)-10(d) . Figure 10(a) shows Standard geometry for experiments. The reason why a "dash" attached to "geometry" is because a small protruded portion was newly laid on to the geometry of collector electrode in actual experimental procedure for ease of wiring to extract current. To give a space for the protrusion, the size of each pattern was changed from 10 cm × 10 cm to 9.5 cm × 10 cm. Each geometry shown in Figures 10(a)-10(d) with "dash" corresponds to that of Figures 8(a)-8(d) . Additional small changes were added to Geometries 3 and 4 so as to avoid formation of very small active area isolated with the collector electrodes.
Fabrication of Collector Electrodes.
We fabricated collector electrode samples of the Standard geometry and the optimized ones based on the simulation, for experimental proof, although adjustment was added in production. The numbers of the vertical collector electrodes optimized as shown in Figure 9 by the simulation were adopted for Geometries 2 , 3 , and 4 (5, 7, and 6 vertical collector electrodes, resp.).
An automatic printing machine was used for printing silver paste to form silver wires of typically 10 m in thickness and 1 mm in width on glass substrates covered with TCO (10 Ω/◻, Nippon Sheet Glass). Then the samples were calcined at 450 ∘ C. Finally, protection layers were printed over the silver wires. Silver wires on the TCO layer used in these experiments were confirmed experimentally to be 0.23 Ω at 10 m in thickness and 10 cm in length after calcination as described in the Simulations section.
Experimental Evaluation Method.
The samples consisting of TCO-covered glasses, silver wires, and protection layers were evaluated using a setup schematically illustrated in Figure 11 . The sample was set as an anode in an electrolyte of 500 mM sodium sulfate, with a copper plate as a cathode.
The protection layers prevented leak current from flowing out of the silver wires to the electrolyte, which takes place also in real DSSCs.
We used resin TB2249G (ThreeBond Co., Ltd.) for protection layer with the thickness of 500 m. Widths of all the collector electrodes were set to 3 mm as in the simulation. The distance between the anode and cathode was set to be 5 mm, which is 1/20 of the sample size (10 cm × 10 cm), so that the electrical resistance of the electrolysis solution was much larger than that of the samples, and consequently the whole of the sample area contributes to the current flow, like in real DSSCs.
In order to prevent adhesion of hydrogen and oxygen bubbles generated by water splitting to the electrodes, surfactant was added in the solution at a concentration of 1 mL/L; ultrasonic vibration was applied during the measurements. Figure 12 shows the current-voltage relationship of the Standard geometry. Stable current larger than 1 mA was observed at an external voltage of 2.0 V. Therefore, current values at 2.0, 2.4, and 2.7 V were acquired for comparison of the fabricated geometries. The current values around 10 mA under these conditions are significantly lower than the output current in the simulation being around 500 mA under the 1 sun solar irradiation. Nonetheless, we employed these external voltage values, to minimize the change in the concentration of the electrolyte and to suppress adhesion of hydrogen and oxygen bubbles that remarkably disturb the current flow.
Just after an external voltage was applied, the current rapidly decreases, because the combination of an anode and a cathode with an electrolyte between them performs as a capacitor, as shown in Figure 13 . After the first 60 s, International Journal of Photoenergy the decrease became small to reach a stabilized value for all the samples. Thus, current values after 120 s were adopted for evaluation. Figure 14 shows the measured value of the current for each geometry at 2.0 V, 2.4 V, and 2.7 V of the external voltage. Geometry 2 exhibited the largest current among the four kinds of the fabricated geometries. The values for Geometries 3 and 4 were also larger than that for the Standard geometry .
Experimental Results.
In the present experiments, a larger active area generates a larger current value. However, when the resistance is larger, the voltage applied between the TCO and the copper plate more remarkably falls on an average, resulting in more significant lowering in the current value. Thus, the measured current value is equivalent to the performance of each geometry. Therefore, we can conclude that Geometries 2 -4 provide superior performance compared with the Standard geometry . The gain achieved by the optimization of the collector electrode geometry was as high as 10-30%.
Comparison of the Experimental and Simulated Results.
Taking additional protrusion in experimental geometry of the collector electrodes into consideration, we carried out International Journal of Photoenergy simulations on geometries reproducing the experimental geometries more precisely which were necessary for the experimental proof. Figure 15 shows the new geometries employed here as well as the simulated results in black bars together with the corresponding experimental results. For Geometries 3 and 4 , over 20% increase in output power relative to the value for the standard was expected, and this expectation almost agrees with the experimental values indicated in white bars. These improvements are due to reduction of the resistive loss. In contrast, the output power decreases for Geometry 2 because of an increase in the resistive loss. However, the experimental result for Geometry 2 showed over 20% gain contrary to the expectation.
Discussion
The measured current values at 2.4 V are compared with the simulated output power values in Figure 15 . The experimental results for Geometries 3 and 4 are in good agreement with the simulated ones. In other words, the predictions by the simulations have been successfully demonstrated.
Here, we must pay attention to the difference in the operating conditions. The simulation was carried out under the condition of 1 sun solar irradiation, with the resultant output currents being around 500 mA. In contrast, the experiments were carried out with the current values of around 10 mA which corresponds to very low irradiation intensity so as not to yield bubbles on the surface of the electrodes. In the simulation, the output power goes up in the case of Geometry 2 in Figure 8 (b) in comparison with Standard geometry in Figure 8(a) . However, also in the simulation, the Geometry 2 displayed in Figure 10 (b) lost its output power in comparison with the Standard geometry in Figure 10 (a). Here, again, it should be noted that Geometry 2 is redesigned for experimental conveniences from Geometry 2 in Figure 8 (a). Since only this geometry has larger active area than Standard geometry, it is considered that the influence of the decrease in the active area by having shortened length from 10 cm to 9.5 cm is greater than other geometries.
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The reason for the difference between the results of experiment and those of simulation in Figure 15 is conjectured as follows.
The feature of large active area of Geometry 2 efficiently contributed to an increase in the current value. This geometry has a larger resistivity in comparison with other geometries. Since the resistive loss is proportional to the square of the output current, the impact of the resistive loss is less significant at lower irradiation intensity and a lower output current.
Therefore, under the experimental condition equivalent to weak irradiation, it is conjectured that the feature of large active area of Geometry 2 efficiently contributed to an increase in the current value, whereas the other contributions such as of the relatively large resistance was small. According to this balance between the active area and resistive loss, it is conjectured that Geometry 2 had higher output power in experiment. These features of Geometry 2 are more suitable for indoor use, transparent cells with low absorbance, and so forth.
The present 2-dimensional simulation is applicable to the other types of solar cells with a transparent conductive electrode layer such as amorphous Si solar cells and other thin film solar cells. As for bulk silicon solar cells whether it is single crystalline or polycrystalline ones, it is better to use 3-dimensional simulation.
Conclusion
We have optimized geometry of collector electrodes for DSSCs using a newly constructed modeling to calculate output power of medium-sized solar cells. The simulation predicted that significant improvements in the output power over 10% are possible, relative to the Standard geometry. These results were reproduced by electrochemical experiments.
